Communication: Manipulating the singlet-triplet equilibrium in organic biradical materials JCP: BioChem. Phys. 5, 12B401 (2011) Communication: Manipulating the singlet-triplet equilibrium in organic biradical materials J. Chem. Phys. 135, 241101 (2011) Orbital alignment in photodissociation probed using strong field ionization J. Chem. Phys. 135, 234311 (2011) Hot hole-induced dissociation of NO dimers on a copper surface J. Chem. Phys. 135, 224708 (2011) Reactions between chlorine atom and acetylene in solid para-hydrogen: Infrared spectrum of the 1-chloroethyl radical J. Chem. Phys. 135, 174302 (2011) Additional information on J. Chem. Phys. Monomers of phenol and its ring-perdeuterated isotopologue phenol-d 5 were isolated in argon matrices at 15 K. The infrared (IR) spectra of these species were recorded and analyzed. In situ photochemical transformations of phenol and phenol-d 5 were induced by tunable UV laser light. The photoproducts have been characterized by IR spectroscopy supported by theoretical calculations of the infrared spectra. The primary product photogenerated from phenol was shown to be the phenoxyl radical. The analysis of the progress of the observed phototransformations led to identification of 2,5-cyclohexadienone as one of the secondary photoproducts. Spectral indications of other secondary products, such as the Dewar isomer and the open-ring ketene, were also detected. Identification of the photoproducts provided a guide for the interpretation of the mechanisms of the observed photoreactions.
INTRODUCTION
Phenol is a fundamental building block of aromatic biomolecules such as amino acids and neurotransmitters. Because of its function as chromophore in many systems (tyrosine and tyramine among others), the reactions of phenol upon UV irradiation are of great importance in investigating molecular damage mechanisms. 1 However, even the photochemistry of monomeric phenol is still a controversial topic, as shown by the debates concerning the geometry of excited states, 2 favored photoprocesses and their mechanisms, [3] [4] [5] [6] as well as characterization of intermediates and photoproducts. 7, 8 These issues have attracted great interest and were intensively investigated using computational and experimental methods.
Various studies have been published about H-atom detachment upon UV photolysis of phenol molecules in the gas phase. 3, 4, 9 The three lowest singlet electronic states involved in the UV photochemistry of phenol are the ground and first two excited electronic states, S 0 (ππ), S 1 (ππ*), and S 2 (πσ *). The profiles of the potential energy curves of these states result in two conical intersections, S 0 /S 2 and S 1 /S 2 , due to the dissociative shape of the potential energy curve of S 2 (πσ *) along the OH stretching coordinate. 6 Two channels of phenol phototransformations are predicted to compete with one another. One of them is associated with the presence of a so-called prefulvene isomer, while the other is associated with the photodetachment of the hydrogen atom from the hydroxyl group. The existence of the prefulvenic reaction path has already been predicted 10 and observed 11 in benzene, while in phenol it has not been confirmed yet.
In this paper, we present an investigation of the photochemistry of phenol and its isotopologue phenol-d 5 isolated in argon matrices. The use of narrowband tunable laser a) Author to whom correspondence should be addressed. Electronic mail:
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source of UV light allowed the exploration of different reaction pathways. The characterization of intermediates and final products was undertaken by infrared (IR) spectroscopy supported by density functional theoretical calculations. When comparing our vibrational data to those available in the literature, it turned out that assignment of the vibrational spectrum of monomeric phenol is still controversial. 12, 13 Moreover, the vibrational spectroscopy of phenol was recently reviewed 14 and the experimental data on vibrational spectroscopy of matrix-isolated phenol are still lacking. 15, 16 Then, the additional purpose of the present study is to close this gap and provide a detailed analysis of the experimental infrared spectrum of phenol and phenol-d 5 .
EXPERIMENTAL PROCEDURES
Crystalline phenol (99%) and phenol-2,3,4,5,6-d 5 (98% D) were commercial products supplied by Panreac and Aldrich, respectively. The sample was placed in an evacuated glass tube connected through a needle valve to the vacuum chamber of a helium-cooled cryostat (APD Cryogenics closed-cycle refrigerator with DE-202A expander) as described in Ref. 17 . Prior to deposition of the matrices, phenol (or phenol-d 5 ) was purified from the volatile impurities by pumping through the cryostat at room temperature. During deposition of the matrices, the sample tube with phenol (or phenol-d 5 ) was immersed in ice-water mixture (at 0
• C), to reduce the saturated pressure of phenol and improve the metering function of the needle valve. In order to prepare the low-temperature matrices, the vapors over solid phenol were deposited together with a large excess of argon (purity N60, supplied by Air Liquide) onto a CsI window cooled to 15 K. The IR spectra were recorded in the 4000-400 cm −1 range, with 0.5 cm −1 resolution, using a Thermo Nicolet 6700 Fourier-transform infrared (FTIR) spectrometer equipped with a KBr beam splitter and a DTGS detector. Matrices were irradiated through the outer quartz window of the cryostat with monochromatic UV light from the 345-220 nm range. Frequency-doubled signal beam of the Quanta-Ray MOPO-SL pulsed (10 ns) optical parametric oscillator (full width at half-maximum (FWHM) ∼ 0.2 cm −1 , repetition rate 10 Hz, pulse energy ∼2.5 mJ) was applied for this purpose. The optical parametric oscillator was pumped with a pulsed Nd:YAG laser.
COMPUTATIONAL METHODS
The geometries of phenol and the structures of possible products photogenerated from phenol were fully optimized using the density functional theory method (DFT) with Becke's three-parameter exchange functional, 18 the gradientcorrected functional of Lee, Yang, and Parr, 19 and the Vosko, Wilk, and Nusair correlation functional 20 (B3LYP). The standard 6-311++G(d,p) basis set was used in these calculations. At the optimized geometries, the harmonic vibrational frequencies and IR intensities were calculated at the same DFT(B3LYP)/6-311++G(d,p) level. All the calculations were performed with the GAUSSIAN 03 program. 21 The theoretical normal modes were analyzed by carrying out potential energy distribution (PED) calculations. Transformations of the force constants with respect to the Cartesian coordinates to the force constants with respect to the molecule fixed internal coordinates allowed the PED analysis to be carried out as described by Schachtschneider and Mortimer. 22 The internal symmetry coordinates used in this analysis (listed in Table S1 of the supplementary material) 47 were defined as recommended by Pulay et al. 23 The elements of the computed PED matrices greater than 10% are presented in Tables I and II. The theoretically predicted spectra were used to assist the analysis of the experimental spectra. The calculated harmonic frequencies were scaled according to the empirical equatioñ ν(scaled) = 0.943 ×ν(calculated) + 42.6, resulting from the least squares linear fitting of the calculated frequencies to the experimentally observed frequencies (for both isotopologues of phenol). This scaling approach was then used throughout the study, and was also applied for scaling the predicted spectra of the photoproducts. For the purpose of modeling IR spectra, the scaled calculated frequencies, together with the calculated intensities served to simulate the spectra shown in the figures by convoluting each peak with a Lorentzian function with a full width at half-maximum of 2 cm −1 , so that the integral band intensities correspond to the calculated infrared absolute intensity. 24 Note that the peak intensities in the simulated spectra are several times lower (in the arbitrary units of "relative intensity") than the calculated intensity (in km mol −1 ).
RESULTS AND DISCUSSION

As-deposited matrix
The infrared spectra of phenol and phenol-d 5 isolated in argon matrices are presented in Figures 1 and 2 . The main absorption features found in the spectrum of phenol correspond well to the IR bands previously reported by Plokhotnichenko et al. 25 Due to the limitations of a grating infrared spectrometer, with resolutions of 3 cm −1 (OH stretching range) and 1 cm −1 (fingerprint range), only selected spectral ranges were studied in the previous work. 25 Usage of a Fourier-transform infrared spectrometer in the current work allowed registration of the complete mid-infrared spectrum of phenol and phenold 5 . The better resolution of the FTIR spectrometer allowed observation of some more details in the spectra. This concerns splitting of some IR bands that can be attributed to matrixsite effects and anharmonic resonances. Previously, matrixisolated phenol has also been obtained as a result of the photolysis of benzene/ozone mixtures in an argon matrix at 12 K with UV light of λ ≥ 280 nm. 26 However, the infrared spectrum of phenol isolated in argon in the presence of O 2 and O 3 molecules differs slightly from the present spectrum where phenol is isolated in neat argon.
The infrared spectra of matrix-isolated phenol and phenol-d 5 are compared (in Figures 1 and 2 ) with the theoretical spectra calculated for both isotopologues at the DFT(B3LYP)/6-311++G(d,p) level. The good agreement between the experimental and theoretical spectra allowed a reliable assignment of the observed IR bands. The assignment, together with the PED analysis, is provided for phenol and phenol-d 5 in Tables I and II. A particular attention should be called here to the range of CH and CD stretching vibrations (Figure 2 ). In the experiments conducted with phenol-d 5 , no absorptions appear in the 3100-3000 cm −1 range (Figure 2(c) ), where the CH stretching frequencies are expected, thus implying a complete perdeuteration of the aromatic ring. This detail will deem important in the interpretation of the photochemical experiments.
Irradiation at λ = 275 nm
Monomers of phenol isolated in Ar matrices were irradiated with narrowband UV laser light. For the first irradiation, UV light with λ = 345 nm was chosen. Gradually shorter wavelengths of UV light were used for subsequent irradiations of the matrix. After each irradiation, the matrix was monitored by taking its IR spectrum. The cycles of UV irradiation and FTIR monitoring continued, with UV wavelength reduced every time by 1 nm. Irradiations with UV λ ≥ 276 nm did not induce any transformations in matrixisolated phenol. By irradiation at 275 nm, the IR bands assigned to phenol monomer started to decrease, while new bands due to photogenerated species appeared in the IR spectrum. The wavelength 275 nm corresponds to the origin of the S 1 ← S 0 (π * ← π ) transition in phenol, as reported in several works. 4, 27 The irradiation at λ = 275 nm continued (with periodical monitoring of the progress of the UV-induced transformations) for a total time of 90 min. After this period, the amount of phenol in the matrix decreased to ∼5% of the initial abundance (Figure 3 ). The new IR bands due to photoproducts can be grouped in several sets, each one showing a different pattern of intensity changes during the progress of TABLE I. Experimental wavenumbers (ṽ /cm −1 ) and relative integral intensities (I) of the absorption bands in the infrared spectrum of phenol isolated in an Ar matrix, compared with wavenumbers (ṽ /cm −1 ), absolute intensities (A th / km mol −1 ) and potential energy distribution (PED, %) calculated for phenol at the B3LYP/6-311++G(d,p) level. (12) a Wavenumbers of the strongest components of split bands are given in bold. b Relative integrated experimental intensities, normalized in such a way that their sum is equal to the sum of the corresponding calculated intensities. c Theoretical positions of absorption bands were scaled using the empirical formulaṽ scaled = 0.943 ·ṽ unscaled + 42.6. d PEDs lower than 10% are not included. Definition of internal coordinates is given in Table S1 . (12) a Wavenumbers of the strongest components of split bands are given in bold. b Relative integrated experimental intensities, normalized in such a way that their sum is equal to the sum of the corresponding calculated intensities. c Theoretical positions of absorption bands were scaled using the empirical formulaṽ scaled = 0.943 ·ṽ unscaled + 42.6. d PEDs lower than 10% are not included. Definition of internal coordinates is given in Table S1 . irradiation at 275 nm (see Figure 3 ). This provides an evidence of generation of several photoproducts. Identification of one of the photoproducts (trace A in Figure 3 ), generated upon irradiation of matrix-isolated phenol with UV λ = 275 nm light, was quite straightforward. Among the new observed IR absorptions, there appeared a set of bands (at 1550, 1515, 1481, 898, 784, and 635 cm −1 , to list the strongest) that were previously reported 28 as the spectral signature of the phenoxyl radical (see Figure 4) . Photoproduction of an analogous radical (with the strongest infrared absorptions at 1509, 1467, 774, 660, and 488 cm −1 ) occurred upon UV λ = 275 nm irradiation of phenol-d 5 ( Figure 5 ). Upon 10-15 min of UV λ = 275 nm irradiation, the abundances of the phenoxyl radicals generated from both isotopologues of phenol reached their maxima (trace A in Figure 3 ). For longer irradiation times, the bands due to phenoxyl and phenoxyl-d 5 radicals (Tables S2 and S3 ) 47 gradually decreased. Appearance of phenoxyl radical products clearly shows that the UV-induced hydrogen-atom photodetachment process is effective for phenol molecules isolated in lowtemperature matrices. The mechanism of the phenoxyl radical formation, by photoinduced hydrogen-atom detachment, has recently been the subject of extensive state-of-the-art calculations of the excited-state potential energy surfaces of phenol. 6, 29, 30 Repulsive πσ * excited states were postulated to play a crucial role in the hydrogen-atom-detachment process. 4 Photoinduced cleavage of the OH bond was observed in a number of experimental studies 5, 30, 31 on isolated molecules of gaseous phenol. Hydrogen atoms with large kinetic energy, detached from the phenol precursors, were detected in these studies. For phenol molecules isolated in solid Ar, the large kinetic energy must allow some non-negligible part of photodetached hydrogen atoms to leave the matrix cage where they are formed.
Analysis of the IR spectra recorded after UV irradiation of matrix-isolated phenol suggests that the hydrogen-atom detachment from the OH group is the primary act of all photoinduced transformations observed for the compound. If the cleaved H-atom leaves the matrix cage, the phenoxyl radical is produced. If the H-atom stays in the cage and recombines with the remaining radical, either phenol can be repopulated or photoproducts bearing a C=O group may be generated (Scheme 1). The carbonyl-containing structures can be formed when the H-atom recombines with the phenoxyl radical at ortho-, meta-, and para-positions of the ring, which is equivalent to [1, 3] -, [1, 4] -, and [1, 5] hydrogen atom shifts, respectively (Scheme 1).
The spectral positions of IR bands due to the stretching vibrations of C=O groups (νC=O), observed in the spectra of the products, allow a reasonable pre-selection of the putative photoproduct structures. In the IR spectra recorded after UV λ = 275 nm irradiation, a doublet of intense absorptions was found at 1681.6 and 1677.6 cm −1 . These bands (corresponding to the photoproduct designated by B in Figure 3 ) are most (5), and Dewar isomer (7), respectively. The abundances of photoproducts (A, B, C) were normalized using the same procedure and normalization factor as that obtained for phenol.
probably due to the stretching vibrations of a C=O group attached to a six-membered ring. Hence, cyclohexadienone species such as 2,4-cyclohexadienone (3 in Scheme 1) or 2,5-cyclohexadienone (5), are good candidates for the photoproduct B. In principle, the observed doublet can be a result of matrix splitting, anharmonic interactions, or an indication of the presence of both isomers, 2,4-and 2,5-cyclohexadienone. The unequivocal identification of the photoproduct B proved to be possible, based on its unique kinetics in the course of UV λ = 275 nm irradiations ( Figure 3, trace B) . When the phenol precursor was depleted in the matrix, product B stopped growing; however, it was not consumed by the UV λ = 275 nm irradiation unlike the other products. At the later stages of this experiment (vide infra), it was found that this product can be effectively destroyed by the UV λ = 245 nm irradiation. Thanks to these effects, separation of its IR spectrum was possible ( Figure 6(b) ). This experimental spectrum is well reproduced by the spectrum theoretically predicted for 2,5-cyclohexadienone (5, Figure 6 (c), Table S2 (Ref. 47) ). On the contrary, no agreement was found between the experimental spectrum of the photoproduct and the spectrum calculated for 2,4-cyclohexadienone (3, Figure 6 (a)), especially in the range below 1000 cm −1 (see Figure 6 ). 32 Therefore, the photoproduct characterized by the pair of bands at 1681.6 and 1677.6 cm −1 (the doublet structure is likely to appear due to matrix site-effect) can be safely assigned to 2,5-cyclohexadienone. 33 This conclusion is further supported by an analogous analysis carried out for . Bands at such frequencies usually indicate structures with a C=O group attached to a four-membered ring. 34, 35 In the currently considered case of photochemical transformations of phenol, Tables S2 and  S3 (Ref. 47 ) for full calculated IR spectra of relevant photoproduced species), is with all probability overlapped with the phenol band at 752 cm −1 . However, non-observation of the other bands due to the Dewar isomer 7 is, in a certain sense, consistent with its predicted infrared spectrum (Tables S2,  S3) , 47 where the νC=O band largely dominates and 28 out of 33 vibrational modes have calculated infrared intensities < 20 km mol −1 (i.e., almost 20 times less intense than νC=O).
The most plausible precursor of 7 should be 2,4-cyclohexadienone (3 in Scheme 1); however, there is no direct experimental evidence for generation of 3 in the present study. This is not unexpected, since α-pyrones (electronically equivalent with 2,4-cyclohexadienones) are readily converted into their Dewar isomers or/and open-ring conjugated ketenes under similar UV-irradiation conditions, 36 as shown in Scheme 2. Indeed, in the spectra of phenol and phenol-d 5 isolated in Ar matrices and irradiated with UV λ = 275 nm light (Figure 7) , IR bands characteristic of ketene species were also clearly seen in the 2100 cm −1 region. Such bands correspond to the "antisymmetric" vibrations of the ketene -C=C=O group. 35, 37 The most probable carriers of these bands, split in many components, are the various possible isomeric forms of the conjugated ketene 6 (Scheme 1, see also Figure 8 ). Each of the components of the multiplet band at 2150-2110 cm −1 shows a different behavior ( Figure 9 ) at different stages of irradiation at λ = 275 nm. One of the components (2136 cm −1 ) increases monotonously and can be assigned to the most stable rotamer E. Other components of the multiplet initially increase but then decrease during the irradiation, suggesting photoproduction of different ketene isomers and their conversion into the most stable form. These conformational transformations in the conjugated ketene photoproduced from phenol correlate well with analogous transformations of the conjugated ketene produced from α-pyrone. 
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Hydroxy-oxo equilibrium in phenol
The tautomeric equilibrium in phenol, between its most stable hydroxy form and the less stable oxo form, has been the subject of many studies. 7, 26, 38, 39 In the present work, the observation of photoproduced ketene (6) and Dewar isomer (7) suggests that these two species are formed via intermediacy of 2,4-cyclohexadienone (3). The latter product can be formed from phenol via intramolecular [1, 3] hydrogen atom shift, and in principle, this reaction might be reversible. Experiments with pentadeuterated isotopomer phenol-d 5 allowed us to verify this hypothesis. If the reaction between 1 and 3 in the ring-perdeuterated compound was reversible, and the [1, 3] migration of hydrogen was random, it would result in the deuteration of the hydroxyl group (see Scheme 3), especially taking into account that the deuteration of the phenol ring in the present study was almost complete (see Figure 2) . However, the irradiations of the matrix at λ = 275 nm did not result in formation of any photoproduct absorbing around 2660 cm −1 , at a frequency where the OD stretching vibration of phenol is expected. 13 This means that 2,4-cyclohexadienone (3), if formed from phenol under the present UV-irradiation conditions, is very reactive towards (6) or/and (7); it does not accumulate in the matrix and the putative channel leading to the back-formation to phenol is not competitive. This result is in agreement with the heights of barriers separating 2,4-cyclohexadienone from phenol and ketene, which were theoretically calculated to be 214 and 159 kJ mol −1 , respectively.
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Irradiation at shorter wavelengths
After prolonged irradiation at λ = 275 nm, new absorption features started to appear in the IR spectrum, indicating generation of the next group of photoproducts. Among these photoproducts, carbon monoxide and cyclopentadiene can be reliably identified. The band of CO appears around 2138 cm −1 , while the most characteristic bands due to cyclopentadiene (at 894 and 666/663 cm −1 ) could be directly assigned by comparison with the positions of bands found in the original experimental spectrum of cyclopentadiene isolated in an Ar matrix. 40 The formation of these two compounds in the irradiated matrix (prolonged λ = 275 nm irradiation) can be a consequence of photofragmentation of the transient bicyclo UV irradiation at wavelengths shorter than 275 nm resulted in decomposition of all the photogenerated C 6 H 6 O (C 6 D 5 HO) isomers into smaller species. Different decomposition characteristics were observed for different products. 2,5-Cyclohexadienone (5) appeared to be remarkably stable against UV λ = 275 nm irradiation, but upon irradiation at λ = 245 nm it was readily consumed until total disappearance. The depletion of (5) at λ = 245 nm was accompanied by increase of IR bands ascribable to carbon monoxide, allene, 42 and acetylene 43 (possibly in associated forms). 44 Scheme 4 summarizes the result of decomposition of (5) .
A more energetic UV λ = 235 nm light had to be applied to decompose the Dewar isomer (7) . Among the photoproducts generated upon UV λ = 275 nm irradiation, the phenoxyl radical (2) was partially consumed at any of the irradiations applied; however, the residual IR bands due to this species were still present in the spectrum recorded after irradiation at λ = 220 nm (see Figure 10) .
Some of the products appearing upon irradiation of the C 6 H 6 O system could be assigned only with the aid of the experiments carried out on the C 6 D 5 HO counterpart. This concerns, for example, the carrier of a relatively intense band at 1538 cm −1 in phenol-d 5 (designated with asterisk in Figure 7 reported for partially deuterated cyclobutadienes isolated in Ar matrices. 45 The photoproduct bands at 883, 860, and 734 cm −1 should also be assigned to C 4 D 4 . Upon irradiation at λ = 245 nm, these bands were disappearing at the same rate as the band at 1538 cm −1 . The likely precursor of C 4 D 4 should be the C 6 D 5 HO Dewar isomer, which can decompose with formation of the parent ketene (O=C=CHD) as a by-product (Scheme 5). A similar reaction generating C 4 H 4 and CO 2 was experimentally observed for matrix-isolated α-pyrone. 35, 45 In the present study, formation of the parent ketene would be difficult to prove because of the overlap of the most intense band due to the C=C=O antisymmetric stretching vibration with the similar absorptions of (6). However, appearance of the new absorptions around 640/629 cm −1 in the experiments with C 6 H 6 O may be treated as an evidence of formation of associated O=C=CH 2 .
As the energy of the incident UV light increases, more and more reagent molecules become depleted, while the hydrogen-shifts and bond cleavages between heavy atoms in the photoproducts start to kick in. The matrices become overpopulated with fragmented species, in the associated form, and their assignments turn ever harder. In spite of this, a new absorption that starts to develop around 2612 cm −1 upon irradiations at λ = 245 nm and lower must have an obvious assignment, as the OD stretching vibration. In the fragmented deuterated photoproducts, a possible carrier of this band can be ethynol (HCCOD) isomeric of half-deuterated ketene (Scheme 5).
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CONCLUSIONS
The present work reports detailed infrared spectra of phenol and its perdeuterated phenol-d 5 analogue isolated in argon matrices at 15 K.
The narrowband tunable laser technique has been used to study the photochemistry of monomers of phenol and phenold 5 isolated in low-temperature Ar matrices. Products generated upon UV irradiation of matrix-isolated phenol (1) have been characterized by IR spectroscopy. On the basis of the analysis of the collected data, H-atom detachment from the OH group of the compound was shown to be the primary photochemical act following the UV excitation. Phenoxyl radical (2) and 2,5-cyclohexadienone (5) have been identified as products of unimolecular λ = 275 nm photochemistry of phenol. Spectral indications of photogeneration of an open-ring conjugated ketene (6) as well as Dewar isomer (7) were also found in the spectra recorded after UV λ = 275 nm irradiation. The photoproduced open-ring conjugated ketene appeared in the matrix in a variety of conformational structures. Upon shorter-wavelength UV excitation, further photoproducts such as cyclopentadiene, carbon monoxide, allene, acetylene, cyclobutadiene, and parent ketene were generated. No indication of photochemical channels leading to a pre-fulvene isomer was detected.
The above conclusions were supported by the investigation on UV-induced transformations of matrixisolated pentadeuterated phenol-d 5 . Experiments on phenold 5 showed also that ketonization of phenol (1) into its 2,4-cyclohexadienone isomer (3), if it occurs under the applied irradiation conditions, is accompanied by the simultaneous transformation of (3) into ketene (6) and Dewar (7) species.
